Two groups of modified Sulfated Zirconia (SZ) catalysts were prepared by the sol-gel method. The first group was modified by four different concentrations of Pt metal (0.15, 0.30, 0.45 and 0.60 wt%), whereas the second group contained Pt-Re combinations on SZ. All the prepared catalysts were characterized by XRD, TPR, TEM, TGA, IR spectroscopy as well as surface properties using the BET method. The catalytic activity of the catalysts was examined for the hydroisomerization of n-pentane to iso-pentane. The catalytic activity was found to increase with increasing Pt concentration in the monometallic catalysts. The combination of Re ion with Pt on SZ results in significant changes in the characters and activities of the catalysts. The 0.45 wt%Pt + 0.15 wt%Re/SZ catalyst exhibited the highest selective compared to other metal ratios investigated.
Introduction
Clean high-octane molecules in the gasoline pool are considered of prior environmental demand for motor fuel today. To elevate the octane number of the gasoline pool, light straight-run (LSR) gasoline fraction in crude oils needs to be isomerized which could be achieved through isomerization of n-pentane and n-hexane, considered as, the main components of LSR [1] . Platinum loaded chlorinated alumina or zeolite catalysts have been used as traditional catalysts for the isomeriza-tion of n-C5 and n-C6 paraffins [2, 3] . The use of these catalysts usually requires high reaction temperatures which lead to the formation of coke deposits on the surface of the catalysts. Hence the catalytic activities are greatly reduced and their durabilities are shortened. SZ is one of the most important catalysts applied in modern isomerization reactions due to its active role at room temperature [4, 5] . The catalytic activity of SZ during alkane isomerization was reported to exhibit sharp decrease when in contact with hydrocarbons; unless promoted by Nobel metals [4, 5] . The deactivation occurs as a result of loss of acidity, coke formation or loss of active sites [6] [7] [8] . Addition of platinum as a promoter to SZ enhances alkane isomerization at low temperatures [9] . In this work, the effect of different concentrations of Pt on SZ catalyst was studied. The change in the concentration of platinum produces different oxides which have a strong effect on catalytic activity as a result of varying the particle size of the catalyst [10] . Rhenium is one of the most prestigious promoters for platinum in petroleum naphtha hydroisomerization and reforming catalysts used for upgrading octane numbers.
Experimental

Catalyst preparation
Pure SZ in nano-scale was synthesized by sol-gel method applying the so called one pot method which was then calcined at 600°C for 3 h [11, 12] , which was used to dissolve any Re oxide precipitated. This solution was contained into a beaker to impregnate the SZ600 catalyst version. The pH was adjusted to 7-8 by dropping ammonia solution, and the resulting material was stored at room temperature for 24 h. The catalyst was then dried at 110°C overnight then calcined at 400°C [14] .
2.1.2. Preparation of bimetallic catalysts 2.1.2.1. Preparation of Pt-Re/SZ catalysts. Successive impregnation was applied to prepare bimetallic Pt-Re/sulfated zirconia catalysts. The prepared mono-metallic (Pt/SZ) catalysts were impregnated in Re precursor solution using the above mentioned procedure to obtain the following catalysts: 0.15%Pt + 0.45%Re/SZ, 0.3%Pt + 0.3%Re/SZ and 0.45%Pt + 0.15%Re/SZ. Fig. 1 summarizes the steps of preparation. All catalysts containing Pt and/or Re were reduced in situ to transform PtO x and ReO x obtained during the calcination step to corresponding active metals Pt°and/or Re°before carrying out the n-alkane isomerization.
Evaluation of the catalytic activity of the catalyst
The n-pentane hydroisomerization runs were carried out in the presence of the prepared catalysts to evaluate their catalytic performance. This test was carried out in pulse mode.
The reaction was carried out in a stainless steel micro reactor (Ø 6 mm · 20 cm) under atmospheric pressure at temperature range of 25-275°C. The catalytic isomerization process of n-pentane was carried out using H 2 gas at rate of 20 ml/min on 0.2 g of solid catalyst. H 2 gas was considered not only as a reactant but also as a carrier gas for the products to the gaschromatograph analyzer ''FID Sigma-3-Perkin Elmer, using 10 wt% OV-101 on chromosorb column at oven temperature of 100°C''.
Prior to carrying out the catalytic runs, the catalyst was activated by preheating at 120°C for 4 h in stagnant air, then heating up to 400°C in a stream of N 2 for 2 h then cooling the reactor to 250°C and starting the injection of n-pentane.
Evaluation of catalyst stability
For stability evaluation of the prepared catalyst, repeated injections of n-pentane at fixed temperature were carried out for a long time period and the products were analyzed on the gas-chromatograph. The time between injections was 15 min.
Structural and textural characterization of solid catalysts
X-ray diffraction (XRD)
All catalysts were characterized by powder X-ray diffraction (XRD) for crystallinity measurement and oxide content in 
Transmission electron microscopic analysis (TEM)
The unloaded and metal loaded catalysts were imaged by JEM-2100F TEM that simplifies atomic level structural analyses. The samples were sonicated for 20 min. before the imaging process.
BET surface analysis
Isothermal nitrogen adsorption/desorption method was used to estimate specific surface area and pore size distribution of the all prepared catalysts using the BET method. The BJH method was applied for calculating the pore size and pore radius as well as the internal surface area of the prepared catalysts. These parameters were determined using Quanta chrome Nova 3200, commercial BET unit at 78 K using liquid N 2 . Prior to the measurement, the samples were out gassed in a 
Temperature programmed reduction analysis (TPR)
TPR for the current catalysts was investigated using CHEM-BET 3000 TPR instrument applying TCD detector. Prior to TPR, the catalyst (ca 0.2 g) was heated at a rate of 20°C/ min up to 300°C, and kept for 2 h at this temperature under a He flow. The catalyst was then cooled to ambient temperature in He stream then subjected to a flowing gas containing 10%H 2 in Ar at a total flow rate of 50 cm 3 /min and finally heated at a rate of 10°C/min to reach 1000°C. Profiles of the samples show electrical signal proportional to H 2 consumption and estimate the reduction behavior of the catalysts.
Thermal analysis
Thermal stability of the solid catalysts (TGA) was investigated using an SDT Q600 thermal analyzer at a heating rate of 10 K/ min from room temperature up to 800°C in an inert atmosphere of dry N 2 gas.
Infrared spectral analysis (FTIR)
Chemical structure characterization of the solid catalysts was conducted using a Nicolet iS10 FT-IR spectrometer.
Scanning electron microscopy (SEM)
Solid catalysts' surface topography was revealed through SEM images Model Joel 3500 electron microscope.
Results and discussion
X-ray diffraction for mono and bimetallic catalysts (XRD)
The XRD patterns obtained for the catalysts with different Pt contents ( Fig. 2) show diffraction peaks representing the different crystal phases in the unloaded and Pt loaded SZ catalysts. The peaks appearing at 2H of 30, 50 and 60°refer to the tetragonal crystalline phase of ZrO 2 [15, 16] . However, the appearance of a minor diffraction peak at 2H of 28°in the patterns of 0.15, 0.30 and 0.45%Pt/SZ catalysts, indicates the phase transformed from tetragonal to monoclinic. This phase transformation is due to the pretreatments of the catalysts that are exposed before and after the loading of Pt or Re ( Fig. 3 ) [17] . However the diffraction peak due to Pt or Re is not detected because the metal content is relatively low (0.15%, 0.30%, 0.45% and 0.6%) [13] [14] [15] [16] [17] [18] [19] , this has also been observed for the Pt-Re samples as shown in Fig. 4 . The average crystallite size (d) for each sample could be determined by applying the Scherrer equation: d = Kk/bcosH; where d is the average crystallite diameter, K is the shape factor, H is the half of position angle {Bragg's angle}, b is FWHM full width at half maximum of the main peak in radians and k is the wave length of X-ray.
The data in Table 1 show that the catalysts containing Pt alone (monometallic) acquire almost indifferent change of their crystallite size, whereas catalysts containing bimetallic (Pt + Re) acquire smaller crystallite size. Moreover, as Re increases in the mixture, the crystallite size decreases, which can be attributed to better dispersion of the bimetal.
Surface area study
Mono metallic catalysts
The BET isothermal nitrogen adsorption method has been used to estimate specific surface area and pore size distribution of the prepared sulfated zirconia samples according to BJH method. The specific surface area of the catalysts has been decreased with increasing metal loading. Table 2 shows that upon loading SZ with 0.15%Pt, the surface area amounts to 113 m 2 /g and decreases gradually to 57 m 2 /g for the 0.6%Pt containing catalyst. Also, the pore volume decreases from 0.364 cc/g to reach 0.200 cc/g, respectively. This indicates that these metals are deposited in the pores gradually with a gradual increase in the metal concentration of the catalyst. Fig. 5 depicts the pore size distribution curves that compare the catalytic pore radii of the catalysts loaded with Pt. All these catalysts have curves attaining maxima falling in the range 9-50 Å . The unloaded SZ and that loaded with 0.15%Pt on SZ possess very close pore size data indicating that this Pt content is significantly below the required filling of the pores of the SZ support. The catalyst containing 0.45%Pt/SZ shows a significant shift toward wider pore range (centered at 25 Å ) compared to 20 Å for all other catalysts. Fig. 6 compares the pore size distribution of 0.6%Re/SZ catalyst and 0.6% Pt/SZ catalyst with the unloaded SZ catalyst. The curve shows about half the pores of the support blocked by 0.6%Pt or 0.6%Re. This causes a decrease in surface area from 112 on SZ to 57 and 94 m 2 /g. However, the total pore volume of these catalysts decreases from 0.430 to 0.200 and 0.209 cm 3 /g ( Table 2 ), which may indicate that Pt or Re is deposited mostly in the catalytic pores of the SZ support. Moreover, it is evident that Pt has caused some partial closure or filling of the pores wider than 20 Å . Fig. 7 shows that the two curves representing the pores in the catalysts 0.15%Pt + 0.45%Re/SZ and 0.30%Pt + 0.30%Re/ SZ are typically coinciding all over the whole pore size distribution range between 14 and 300 Å but deviate during the low pore range (8-14 Å ) . On the other hand the catalyst containing the highest Pt and lowest Re values (0.45%Pt + 0.15%Re/SZ) shows a significant shift of the pore distribution curve to higher pore size values.
Bimetallic catalysts with Pt and Re
IR spectroscopy
The IR spectra obtained for the current catalysts are depicted in Fig. 8 . All possible peaks in the IR spectra appear with varying intensities. However, the highest intensity is obviously revealed in the spectrum obtained for the 0.45%Pt + 0.15%Re/SZ catalyst.
In the hydroxyl vibration region (4000-3000 cm À1 ), a very low intensity band at 3759 cm À1 appears, which is assigned to terminal OH (Zr-OH) groups [19] . According to [20] this band is attributed to isolated ZrOH groups indicating an active support [20, 21] . Moreover, upon the loading of SZ by different amounts of Pt or Re, the IR spectrum has the same OH vibrations as SZ [20] . A broad band in the range 3600-3200 cm À1 was also observed, which is ascribed to bridged hydroxyl groups between two and three Zr atoms [19, 20, 22] . There are two small peaks at 2900 and 2800 cm À1 which are represented in the IR spectra of all catalysts except for 0.6%Pt/SZ catalyst. [23] suggested that these peaks are corresponding to OHgroups strongly interacting with each other or with the surface through hydrogen bonding [20] . The band at $1635 cm À1 is attributed to the bending mode of water [19, [20] [21] [22] . This band is not affected by the loading metals. All peaks in the range between 1400 and 1000 cm À1 belong to the sulfate region. The band > 1400 cm À1 is corresponding to S = O band [(Zr-O) 2 (SO)] [19] [20] [21] [22] . The range of frequencies between 1050 and 1000 cm À1 is ascribed to S-O stretching [19] .
Thermal analysis
3.4.1. Thermogravimetric analysis (TGA) Fig. 9a shows that the TGA behavior of the SZ600 sample starts with a sharp weight loss from 50°C till 200°C (4.75%), beyond which the decrease slows down till 600°C (2.5%). Again, beyond 600°C, the weight loss has become faster till reaching 700°C (7.2%). The initial decrease 50-200°C can be attributed to dehydration of the physically absorbed water, whereas the decrease in the second step 200-600°C can be attributed to the decomposition of the precursor (H 2-PtCl 6 ) [24] . All of the Pt loaded catalysts were exposed to the same amount of heat and oxygen during calcination step, so the difference of the weight losses between them may be contributed at least partially to transformation of the precursor H 2 PtCl 6 to PtO x + PtCl y O z which affected by a variety of Pt containing components. The major weight loss appears in the temperature range > 600°C due to removal of structural OHgroups in the form of water and sulfate ions. Some Wave number cm -1 authors [24, 25] reported that thermo-decomposition of sulfates takes place above 600°C. Fig. 9b shows that the catalyst which contains 0.45 wt%Pt + 0.15 wt%Re exhibits lower thermo-decomposition efficiency (more stable) than the catalyst containing 0.15 wt%Pt + 45 wt%Re. This can be attributed to that the decomposition of the precursor of Re (ammonium perrhenate) is easier than that of Pt. Fig. 10a, b, C and d shows the TPR profile for the 0.15% Pt, 0.30% Pt, 0.45% Pt and 0.60% Pt loaded on SZ in addition to the unloaded SZ profile. This unloaded profile shows a bimodal curve with maximum at 650 and 720°C which are attributed to reduction of the sulfate species in the SZ to SO 2 and water [26] , moreover, Zr 4+ has been reduced to Zr 3+ on the surface of zirconia sulfate.
Temperature programmed reduction (TPR)
On the other hand, the Pt loaded SZ catalysts gave two TPR peaks, a minor peak with a maximum at 400-450°C which is attributed to reduction of PtOx followed by a major peak with stepwise increase up to a maximum at 625°C in case of the catalysts containing 0.15%, 0.30% and 0.45%Pt loaded catalysts. This shift to lower temperatures indicates that the presence of Pt has assisted the reduction acceleration in these three catalysts.
A different behavior has been observed via examination of the reducibility of the 0.60%Pt/SZ catalyst. Fig. 10d indicates that the reduction of this catalyst extends to cover a higher temperature range exceeding that shown in Fig. 10a, b and c such that it exceeds the range of TPR for the unloaded SZ catalyst. This behavior can be attributed to excess Pt that has penetrated in the micro pores of this catalyst causing its more difficult reducibility thus requiring higher TPR temperatures. The significantly lower H2 consumption in case of the TPR profile of 0.60%Pt/SZ catalyst compared to the 0.45%Pt/SZ catalyst (Fig. 10c) indicates that the effect of Pt deactivation by sulfurized species (PtS) has been magnified. Fig. 11compares the TPR profiles obtained for the 0.60%Pt, 0.30%Pt + 0.30%Re, 0.45%Pt + 0.15%Re and 0.60%Re containing SZ catalysts. Fig. 11a and b shows several peaks indicating several oxidation states of Re. This is more evident from Fig. 11a (0.6%Re/SZ catalyst) and Fig. 11b (0.3%Re + 0.3%Pt/SZ catalyst) that in all cases of catalysts higher Re contents were observed. In case of the lower Re containing 0.15%Re + 0.45%Pt catalyst (Fig. 11c ) and the 0.60%Pt containing catalyst (Fig. 11d) , the TPR effect does not show such multi-peak effect because Pt acquires a smaller number of Pt oxides than Re oxides. In Fig. 11a , 480-700°C band apparently includes three small peaks at 505, 537 and 555°C indicating several reduction phases. Combination of 0.3%Re with 0.3%Pt in the SZ as shown in Fig. 11 .b shows larger similarity to the 0.60%Re/SZ than to the 0.60%Pt/SZ (Fig. 11d ). The larger Pt atom than that of Re may have affected the large variation of the TRP of the 0.60%Pt/SZ catalyst which appears to be a critical concentration for Pt-TPR behavior. This indicates that the ReOx in the 0.60%Re catalyst has been accumulated in a larger quantity on the external surface of SZ than in case of the 0.60%Pt/SZ catalyst [27, 28] . Fig. 12a-d shows the TEM image of unloaded SZ, 0.6 wt%Re/ SZ, 0.45 wt%PtÀ0.15 wt%Re/SZ and 0.6 wt%Pt/SZ catalysts. The particle sizes of these catalysts are 13.6-6.8, 8.84-3.99, 5.59-4.8 and 7.83-6.11 nm, respectively. These measurements suggest that by loading the Noble metals on the surface of the catalyst, its particle size decreases. The black areas may represent groups of accumulated particles.
Transmission electron microscope (TEM)
Scanning electron microscope (SEM)
The particles of Pt and Re could not be identified by SEM microscopy because these metals are present in very low percentages. However, the effect of these metals could be distinguished and described (Fig. 13 ). In general, agglomeration appears to be activated by the inclusion of these metals. Evidently the unloaded SZ catalyst exhibits very few moderately sized particles since the majority of the particles are smaller ones. The most evident feature of 0.60%Pt/SZ catalyst is the abundance of larger crystals. However, on Pt, Re and Pt-Re containing catalysts, there appear larger numbers of agglomerates, particularly in those containing platinum, i.e., higher Pt contents. Evidently, the catalysts containing 0.60%Pt, 0.45%Pt and 0.30%Pt supported on SZ follow similar behaviors of n-pentane conversions where all acquire the highest isomerization activities (100% conversion of n-pentane) at 40°C. The 0.60% and 0.45%Pt containing catalysts continue their 100% isomerization activity with increasing the temperature from 40 to 60°C then decline with a further increase in temperature. However, the 0.30%Pt/SZ catalyst shows a faster drop of activity at temperatures beyond 40°C. This behavior indicates that the current reaction is primarily dependent on the Pt content in order to be accomplished at lower temperatures. Hence the activities of these catalysts can thus be arranged in the following order: 0.60%Pt/SZ > 0.45%Pt/SZ > 0.30%Pt/SZ > 0.15%Pt/ SZ > SZ This also ensures that the first step of the overall isomerization process is the dehydrogenation of n-pentane to n-pentene according to the following mechanism: n À pentane À! ÀH 2 n À penteneÀ!iso À pentene À! þH 2 iso À pentane Fig. 15 compares the isomerization activity of 0.60%Pt and 0.60%Re on SZ catalysts. Using the 0.60%Re/SZ catalyst more significant stability at 100% isomerization is realized between 25 and 75°C, in addition to a more gradual loss of the activity at higher temperatures. Fig. 16 compares the n-pentane isomerization activities of the bimetallic combinations of Pt and Re supported on SZ. All catalysts are capable of achieving 100% isomerization of n-pentane during different temperature ranges. This high capability is achieved at 35-50°C then declines via increasing temperature using the 0.15%Pt + 0.45%Re/SZ catalyst. However, upon using the 0.3%Pt + 0.3%Re catalyst, 100% catalytic activity was achieved persisting from 35°C up to 100°C. Even though, the 0.45%Pt + 0.15%Re catalyst exhibits the highest stability since it achieves 100% conversion of n-pentane to iso-pentane up to as high as 200°C beyond which declination of activity occurs.
n-Pentane hydroisomerization on catalysts containing bimetallic SZ
As a conclusion, it is to be generalized that in catalysts containing 0.15%Pt + 0.45%Re, 0.30%Pt + 0.30%Re and 0.45%Pt + 0.15%Re/SZ, the activity persists at 100% isomerization of n-pentane to iso-pentane up to higher temperature stabilization with increasing the Pt content and decreasing the Re content while keeping the total metal content at 0.60%. It deserves pointing out that 0.45%Pt + 0.15%Re/SZ shows very high activity and stability compared to the monometallic version 0.45%Pt/SZ ( Figs. 14 and 16 ).
Simple evaluation of the catalyst stability
This test is applied on unloaded SZ catalyst at 160°C and on 0.60% Re/SZ and 0.60%Pt/SZ at 100°C the time between repeated injections is 15 min. The catalysts exhibited high and stable performance. Fig. 17b shows that the thermal stability of the unmodified SZ sample is continued till the 3rd injection, beyond which the catalyst acquired lower stability during 4th injection followed by a faster drop till, it becomes inactive at the 8th injection. For the Pt loaded catalyst 0.6%Pt/SZ, Fig. 17a shows that it is more stable than unmodified so that it keeps its activity at 100% isomerization till the 10 th injection. On the other hand, the Re loaded catalyst 0.6%Re/SZ exhibits high stability, as shown in Fig. 17a , its thermal stability continued till the 15 th injection.
Conclusion
The activity of sulfated zirconia (SZ) as a catalyst for the isomerization of n-pentane can reach 100% after incorporating varying combinations of platinum and/or rhenium. Addition of 0.6wt%Pt or Re to SZ results in reaching highly-stable highly-active catalyst. Moreover combining 0.45%Pt + 0.15%Re/SZ, achieves 100% performance and highest stability for a wide range of reaction temperatures. The main advantage of the bimetallic Pt/Re/SZ catalyst is its higher stability to catalyze the isomerization of n-pentane at a temperature as low as 20°C. 
